The formation of nitrogen-fixing nodules in legumes involves the initiation of synchronized programs in the root epidermis and cortex to allow rhizobial infection and nodule development. In this study, we provide evidence that symplastic communication, regulated by callose turnover at plasmodesmata (PD), is important for coordinating nodule development and infection in Medicago truncatula. Here, we show that rhizobia promote a reduction in callose levels in inner tissues where nodules initiate. This downregulation coincides with the localized expression of M. truncatula b-1,3-glucanase 2 (MtBG2), encoding a novel PD-associated callose-degrading enzyme. Spatiotemporal analyses revealed that MtBG2 expression expands from dividing nodule initials to rhizobia-colonized cortical and epidermal tissues. As shown by the transport of fluorescent molecules in vivo, symplastic-connected domains are created in rhizobia-colonized tissues and enhanced in roots constitutively expressing MtBG2. MtBG2-overexpressing roots additionally displayed reduced levels of PD-associated callose. Together, these findings suggest an active role for MtBG2 in callose degradation and in the formation of symplastic domains during sequential nodule developmental stages. Interfering with symplastic connectivity led to drastic nodulation phenotypes. Roots ectopically expressing b-1,3-glucanases (including MtBG2) exhibited increased nodule number, and those expressing MtBG2 RNAi constructs or a hyperactive callose synthase (under symbiotic promoters) showed defective nodulation phenotypes. Obstructing symplastic connectivity appears to block a signaling pathway required for the expression of NODULE INCEPTION (NIN) and its target NUCLEAR FACTOR-YA1 (NF-YA1) in the cortex. We conclude that symplastic intercellular communication is proactively enhanced by rhizobia, and this is necessary for appropriate coordination of bacterial infection and nodule development.
SUMMARY
The formation of nitrogen-fixing nodules in legumes involves the initiation of synchronized programs in the root epidermis and cortex to allow rhizobial infection and nodule development. In this study, we provide evidence that symplastic communication, regulated by callose turnover at plasmodesmata (PD), is important for coordinating nodule development and infection in Medicago truncatula. Here, we show that rhizobia promote a reduction in callose levels in inner tissues where nodules initiate. This downregulation coincides with the localized expression of M. truncatula b-1,3-glucanase 2 (MtBG2), encoding a novel PD-associated callose-degrading enzyme. Spatiotemporal analyses revealed that MtBG2 expression expands from dividing nodule initials to rhizobia-colonized cortical and epidermal tissues. As shown by the transport of fluorescent molecules in vivo, symplastic-connected domains are created in rhizobia-colonized tissues and enhanced in roots constitutively expressing MtBG2. MtBG2-overexpressing roots additionally displayed reduced levels of PD-associated callose. Together, these findings suggest an active role for MtBG2 in callose degradation and in the formation of symplastic domains during sequential nodule developmental stages. Interfering with symplastic connectivity led to drastic nodulation phenotypes. Roots ectopically expressing b-1,3-glucanases (including MtBG2) exhibited increased nodule number, and those expressing MtBG2 RNAi constructs or a hyperactive callose synthase (under symbiotic promoters) showed defective nodulation phenotypes. Obstructing symplastic connectivity appears to block a signaling pathway required for the expression of NODULE INCEPTION (NIN) and its target NUCLEAR FACTOR-YA1 (NF-YA1) in the cortex. We conclude that symplastic intercellular communication is proactively enhanced by rhizobia, and this
INTRODUCTION
Legumes establish symbiotic associations with nitrogen-fixing rhizobia, which, hosted within newly formed root nodules, have the optimized environment for fixing atmospheric dinitrogen for the plant [1] . Nodule formation involves coordinated reprogramming at different tissues to allow intracellular bacterial entry and the activation of the nodule organogenesis program. Endosymbiotic entry occurs via newly formed tubular structures, initiated from bacterial-entrapped root hairs, called infection threads (ITs) [2] . This host-constructed transcellular compartment guides rhizobia to the underlying nodule primordium in the cortex, where the bacteria are released and differentiate into nitrogen-fixing bacteroids. Although infection and organogenesis can be genetically separated, they need to be spatiotemporally coordinated for the successful formation of a nitrogen-fixing nodule [3] . Nodule development engages local hormonal changes and is tightly controlled by a systemic autoregulatory pathway (AON) that restricts nodule number [4] . Although diffusible hormones, such as cytokinin and auxin [5, 6] , are important for initiating nodule organogenesis, little is known of how signal transmission is regulated from the infection site to underlying root tissues to coordinate nodule development.
The host plant perceives rhizobia-secreted lipo-chitooligosaccharide nodulation factors (NFs) via an ancient signal transduction system, which is partly shared during the establishment of the arbuscular mycorrhizal (AM) symbiosis [7] . Calcium oscillations are a common component of this pathway, decoded in the nucleus by the calcium-and calmodulin-dependent protein kinase CCaMK [8, 9] . CCaMK interacts with and phosphorylates the transcriptional regulator CYCLOPS that orchestrates the downstream expression of nodule inception (NIN) during nodulation [10, 11] and ETHYLENE RESPONSE FACTOR (ERF) REQUIRED FOR MODULATION 1 (ERN1) [12, 13] , which are themselves also regulated by other transcription factors or regulatory complexes [14] [15] [16] [17] [18] [19] [20] . Both ERN1 (with its homolog ERN2) and NIN are crucial for the construction of root hair infection threads, where they individually regulate the transcription of cell-wall-associated ENOD11/12 and NODULATION PECTATE LYASE 1 (NPL1) genes, respectively [2, 10-14, 21 -24] . These and other infection-related regulators are also required for nodule organogenesis in the cortex [10, 11, 16, 22, 23, 25] , underlying their potential roles in the infection-organogenesis signaling crosstalk. NIN has emerged as a central evolutionary-conserved nodulation-associated regulator [26, 27] sufficient to trigger organogenesis in the root cortex, where it regulates the expression of NUCLEAR FACTOR-Y (NF-Y) and EPR3 genes [28] [29] [30] . NIN is also involved in the negative feedback regulation of infection-related responses [30, 31] and in the long-distance regulation of nodulation via the activation of CLAVATA/EMBRYO SURROUNDING REGION (CLE) peptide-encoding genes [32, 33] , and when ectopically expressed in the root epidermis, it triggers organogenesis in the cortex [30] . These findings place NIN in a central position in the regulation of both cell-autonomous and non-cell-autonomous symbiotic signaling, but how these functions are coordinated remains largely unknown.
Past research revealed that symplastic connections are established between the phloem and nodule initials [34] , raising the question of whether intercellular trafficking via plasmodesmata (PD) [35] , channels connecting the cytoplasm and endoplasmic reticulum (ER) of neighboring cells, might contribute to signaling during nodulation. The epidermal cells undergoing infection must communicate with cortical and pericycle cells where division is initiated [3] to form the nodule primordia. These processes are tightly integrated, and organogenesis ceases if infection aborts. Such integration suggests the potential need for symplastic transport pathways, which allows the transport of molecules (such as proteins and RNAs) to coordinate signaling and enable rapid responses.
A major regulator for symplastic communication is the cell wall b-1,3 glucan, callose. Callose turnover at PD sites involves the localized action of callose synthases (CALSs) and b-1,3-glucanases (BGs) [36] . In this study, we provide evidence for the importance of symplastic cell-to-cell communication during nodulation. We show that callose is reduced in root tissues forming the primordia and that this correlates with the progressive expression of a rhizobia-induced, PD-located, callose-degrading enzyme. We further demonstrate that these changes in callose degradation correlate with increased symplastic connectivity in rhizobia-colonized tissues. The selective modification of callose levels at PD sites by ectopic expression of b-1,3 glucanases [36] or by expressing RNAi constructs or a hyperactive CALS3 version (cals3m) [37] led to changes in symplastic connectivity and strong nodulation phenotypes, associated with the deregulated expression of key symbiotic regulators. Here, we propose a model highlighting the importance of callosedegrading enzymes for the creation of symplastic domains, enabling the transport of yet unknown mobile signal(s) that coordinate nodule developmental programs.
RESULTS

Rhizobial Inoculation
Modulates Callose Levels and the Early Expression of Callose-Degrading b-1,3-Glucanases in M. truncatula Roots Past research indicates that symplastic connectivity increases between phloem and nodule initials (from pericycle to inner cortical cells) as early as 48 hr upon inoculation with rhizobia [34] , raising the question of whether callose regulation is involved in this process. To test this, we monitored callose levels in M. truncatula roots before and 24 hr after inoculation with rhizobia. Immunolocalization of callose was carried out in root sections 1 day after spot inoculation (1 dpi) with either water (mock control) or with a rhizobia bacterial suspension (Sinorhizobium meliloti). Strong callose labeling was detected as punctate sites, indicative of PDs, in inner root tissues (cortex, pericycle, and endodermis) of mock control roots ( Figures 1A-1C) . Punctate labeling was also observed in rhizobia-inoculated roots ( Figures  1D-1F ), but the fluorescence signal in the inner tissues was reduced by comparison to the mock-inoculated control. (A-F) Immunolocalization reveals a downregulation of callose levels in roots spot inoculated with S. meliloti. Callose was detected using a monoclonal antibody and Alexa-488-conjugated secondary antibody in longitudinal sections of M. truncatula roots 1 day post spot-inoculation with mock water control (mock 1 dpi; A-C) or with a S. meliloti bacterial suspension (S. meliloti 1 dpi; D-F). Transmission light sections (B and E) are shown for signal co-localization (C and F) in the vascular cylinder (v), xylem (x), pericycle (p), endodermis (e), and cortex (c). (G) Green fluorescence (callose signal) was compared by calculating the integrated density (arbitary units [a.u.]; measured using ImageJ) for each image (14 images/sample) from at least three biological repetitions, using a region of interest (indicated in A) of approximately 1,000 mm 2 that excluded the vascular and xylem tissues. An Aspin-Welch two-sample t test was performed in R (asterisks indicate statistical difference compared with mock control; ***p < 0.001).
(H) A phylogenetic tree depicting the relationship between a set of M. truncatula and A. thaliana b-1,3-glucanases. Numbers correspond to Bayesian posterior probabilities. The sequence of a predicted b-1,3-glucanase from Picea sitchensis (Ps GHL17_1) was included as an outgroup.
(I) qRT-PCR revealed upregulation of Medtr3g083580 (MtBG2 in I) expression in total RNA samples extracted from M. truncatula roots before (0 dpi) and after (1-4 dpi) inoculation with rhizobia. Boxplots represent average values from individual pooled samples (n = 100-125/sample) from five independent biological experiments after normalization against three reference transcripts. One-way ANOVA followed by a Tukey honest significant difference (HSD) test of the values were performed in R (p < 0.001). Classes sharing the same letter are not significantly different. Quantification of the fluorescence signal in the pericycle, endodermis, and inner cortex of the spot-inoculated root regions confirmed the global downregulation of callose levels 1 dpi (Figure 1G) . These results reveal that rhizobia promote a reduction in callose levels in inner root tissues within the first 24 hr postinoculation and in a timescale that coincides with the establishment of symplastic connectivity between phloem and cortical tissues [34] . Regulation of symplastic transport during lateral root organogenesis in Arabidopsis thaliana is associated with the expression of callose-degrading PD-located b-1,3-glucanases [36, 38] . In order to identify PD-associated genes involved in root nodulation, we searched for putative b-1,3-glucanase-encoded proteins in M. truncatula, comprising the characteristic b-1,3-glucosidase enzymatic domain (also named glycosyl hydrolase like 17 [GHL17]) and other conserved features of PD-located Arabidopsis b-1,3-glucanases, such as the presence of a secretory signal peptide (SP) and a glycosyl phosphatidylinositol anchor (GPI) ( Table S1 ). Evolutionary relationships between the M. truncatula candidates with known PD proteins from Arabidopsis were established using phylogenetic analysis [39] (Figures 1H and  S1A ). The tree topology was well supported by three complementary methods (Bayesian, maximum likelihood, and neighboring-joining algorithms) and highlighted Medtr8g085720 (MtBG1), Medtr3g083580 (MtBG2), Medtr4g132280 (MtBG3), Medtr3g065460 (MtBG5), and Medtr1g031900 (MtBG40) as GPI-anchored proteins most closely related to the Arabidopsis PD genes PdBG1 (AT3G13560), PdBG2 (AT2G01630), and PdBG3 (AT1G66250; Figures 1H and S1A) [38] . To determine which of these genes are regulated during the establishment of the N-fixing symbiosis, we searched for those expressed in available rhizobial root hair and/or laser-dissected nodule zones (STAR Methods). qRT-PCR analyses then confirmed the upregulation of Medtr3g083580 (MtBG2) and Medtr3g065460 (MtBG5) gene expression in M. truncatula roots after inoculation with rhizobia ( Figures 1I and S1C ), in line with their expression levels in both infectome and nodule transcriptome databases. MtBG2 and MtBG5 are predicted to encode proteins with 498 and 491 amino acids, respectively, and comprise, in addition to an N-terminal signal peptide and an omega signal for GPI anchoring, a GHL17 and a carbohydrate-binding domain (X8) with similarities to PD-localized proteins ( Figure S1B ).
To summarize, b-1,3-glucanase-encoding genes are upregulated by rhizobia in a similar timescale as callose degradation, suggesting that these rhizobia-induced responses are interconnected.
The MtBG2 b-1,3-Glucanase Exhibits Tissue-Specific Symbiotic Expression Profiles in M. truncatula To investigate whether the expression of MtBG2 coincides with sites of decreased callose levels ( Figures 1A-1G ), MtBG2 upstream sequences (1.7 kb) were used to drive the expression of the b-glucuronidase (GUS) reporter in transgenic M. truncatula roots generated via Agrobacterium rhizogenes transformation. In non-inoculated tissues, the expression of MtBG2 was restricted to the root tip and to developing lateral roots (Figures 1J and S2A-S2H). Upon rhizobial inoculation, the expression of MtBG2 was upregulated and associated with root nodule development ( Figures 1K-1O and S2I-S2L) . At early stages of infection, when rhizobia-containing infection threads have just initiated in root hairs or have reached at most the outer cortex, pMtBG2-driven expression can be visualized in dividing inner root cortical cell layers (Figures S2I and S2J ). Sections validated GUS staining restricted to dividing inner tissues localized below an infection site ( Figure 1K ). At a later stage of nodule primordia development, when infection threads have already reached the second root cortical cell layer, GUS staining was more intense and broadly distributed from inner to outer root tissues ( Figures 1M-1O ). GUS staining was not only detected in dividing inner tissues but was also found in middleto-outer cortical cells (and eventually the epidermis) directly associated with rhizobial infection thread progression ( Figures 1L-1O ). Longitudinal root sectioning confirmed the expression of MtBG2 in dividing inner tissues (from pericycle to inner cortex) and in nondividing infection thread-containing cortical cells ( Figure 1M ). In mature nodules, GUS staining was restricted to the apical zone, which includes both meristematic and early infection zones (Figures S2K and S2L ).
Taken together, our results indicate that rhizobial inoculation induces the expression of MtBG2 in dividing inner pericycle and cortical tissues, where callose levels are coincidently reduced, and subsequently in outer tissues preparing or undergoing rhizobial infection.
Rhizobial Inoculation Promotes Cell-to-Cell Symplastic Connectivity in Outer Root Tissues Undergoing Infection
The initial expression of MtBG2 in dividing cells supports an active role in the creation of symplastic connections in nodule primordia initials, in line with previous findings [34] . However, the progressive outward expression of MtBG2 also favors the hypothesis that symplastic connections are established in nondividing outer root cells undergoing rhizobial infection ( Figures  1L-1O ). To explore changes in epidermal-cortical symplastic connectivity during rhizobial infection, we traced the transport of the carboxy-fluorescein diacetate (CFDA) symplastic tracer (STAR Methods) in roots after rhizobial inoculation. CFDA is a non-fluorescent and membrane-permeable dye that once inside the cell is cleaved by endogenous esterases to produce a permeable fluorescent form that, within a given period, can only move between cells via intercellular PD connections. The diffusion of the CFDA-derived fluorescent molecule was followed from outer to inner root tissue layers in both mock and rhizobia-inoculated conditions. The green fluorescence signal was restricted to epidermal tissues of mock control roots (Figure 2A ) but clearly diffused from epidermal to underlying cortical cells at 3 dpi in rhizobia-inoculated tissues ( Figures 2B and 2C) . To verify this, mobile YFP (yellow fluorescent protein) that can freely diffuse through PD and the non-mobile ER-tagged mCherry-HDEL protein were co-expressed in the root epidermis of M. truncatula roots, under the epidermal-specific EXPA promoter [30] . As expected, the red mCherry-HDEL fluorescence was restricted to the root epidermis in both inoculated and non-inoculated conditions ( Figures 2D, 2E , 2G, and 2H), whereas the green YFP signal diffused, presumably via PD, from the root epidermis to the underlying cortex only in rhizobia-inoculated conditions (compare rhizobia-inoculated roots in Figures 2E, 2F, and 2H with mock control in 2D).
Together, these results indicate that epidermal and cortical cells become symplastically connected during early stages of rhizobial root colonization. Figures 1K-1O ). In order to investigate whether MtBG2 is actively involved in rhizobia-induced degradation of callose at PD sites, we first evaluated MtBG2 localization. To this end, a fluorescent protein fusion was generated for subcellular localization in M. truncatula roots produced via (A-C) M. truncatula roots were spot inoculated with a S. meliloti mCherry strain and, at 3 dpi, exposed to the symplastic tracer CFDA. In control non-inoculated roots (A), the green CFDA-derived fluorescence is restricted to the root epidermis and root hairs. In bacterial-spot-inoculated roots (B and C; 3 dpi), the green CFDA-derived fluorescence is clearly visible in cortical cells (arrowheads). Arrows in (B) and (C) highlight red fluorescent bacteria. Note that green fluorescence in the cortex is preferentially visualized at the spot-inoculated root zone (at the right side of the dotted line in C). (D-H) M. truncatula roots co-expressing a mobile YFP (green or yellow fluorescence seen in both cytoplasm and nuclear compartments) and an endoplasmicreticulum-tagged mCherry-ER (red fluorescence) under the control of the epidermis-specific promoter pEXPA were inoculated (E-H) or not (D) with a S. meliloti CFP strain and analyzed 3 dpi. The green or yellow YFP and red mCherry-ER fluorescence is restricted to the root epidermis (ep) in non-inoculated roots in (D). Upon inoculation, the green or yellow fluorescence is detected in cells in the root epidermis (ep in E, F, and H) and in the root cortex (white arrowheads in E, F, and H), and the red mCherry-ER fluorescence remains restricted to the root epidermis (ep in E, G, and H) and is not transported to underlying cortical cells (white arrowheads in G). Scale bars represent 100 mm (C), 50 mm (A and B), and 20 mm (D-H).
A. rhizogenes transformation. The fluorescent fusion was created by inserting the mCherry coding sequence between MtBG2 amino acids 462 and 463, just before the predicted omega site, and was expressed in M. truncatula under the constitutive Arabidopsis UBIQ promoter. As shown in Figures 3A-3C , the protein localized to the cell periphery at callose enriched PD sites, which are revealed using aniline blue staining. To determine whether MtBG2 encodes an active enzyme, we investigated callose levels in M. truncatula roots constitutively expressing the MtBG2-mCherry fusion protein. Immunolocalization in root sections and aniline blue staining revealed callose-associated fluorescence signals strongly reduced in MtBG2-overexpressing roots compared to control roots transformed with an empty vector (Figures S2M-S2P ). Integration analysis of aniline blue fluorescence signal in multiple sections confirmed a significant decrease in callose in MtBG2-overexpressing roots consistent with a role in callose degradation ( Figure S2Q ).
In order to investigate whether degradation of callose by MtBG2 affects symplastic communication, we monitored the symplastic transport of a mobile GFP version in roots ectopically expressing MtBG2. A stable M. truncatula line expressing GFP under the epidermis-specific promoter pEXPA was transformed to co-express a control empty vector (Figure 3D ) or a pUBIQ:MtBG2 construct ( Figure 3E ). The green GFP signal is detected in the root epidermis and diffuses to the underlying cortical cells in rhizobia-inoculated conditions in both control and pUBIQ:MtBG2 roots (compare Figures 3D and 3E). However, GFP diffusion is significantly increased in pUBIQ:MtBG2 roots, as reported by quantification of the signal in root cortical cells ( Figure 3F ). The data suggest that MtBG2 expression positively affects symplastic communication.
Phenotypic analysis of transgenic roots expressing pUBIQMtBG2 was carried out in parallel. MtBG2-expressing roots were not substantially affected in their development but exhibited a significant increase in nodule number compared to control roots at 7 dpi with rhizobia ( Figures 3G and 3J-3M ). These developed nodules were efficiently colonized by the symbiotic bacteria, as scored by the number of nodules containing histochemically stained lacZ-expressing rhizobia ( Figure 3H ). Interestingly, the number of root hair infection threads was also significantly increased in pUBIQ-MtBG2 roots ( Figure 3I ), suggesting that ectopic expression of MtBG2 positively influences both infection and nodule organogenesis.
In summary, MtBG2 constitutes a new callose-degrading, PDassociated enzyme that regulates intercellular symplastic transport and root nodule development and infection in M. truncatula.
Establishment of Symplastic Connectivity Is Important for Root Endosymbiotic Colonization
Because ectopic expression of MtBG2 induces an increase in cell-to-cell connectivity, we decided to evaluate whether obstruction of root symplastic fluxes can affect root nodulation. For this, we made use of a mutant version of the callose synthase gene CALS3 (cals3m), previously shown to occlude PD in Arabidopsis by the localized overproduction of callose in cell walls [37] . Expression of cals3m under the UBIQ promoter in Nicotiana benthamiana leaves confirmed the ability of cals3m to overproduce PD-localized callose by comparison with the mock control (Figures S3F and S3G). To evaluate the effect of PD obstruction in rhizobium-inoculated M. truncatula roots, we expressed cals3m under the control of rhizobia-induced symbiotic promoters: pMtBG2 ( Figures 1K-1O and S2A-S2L); pERN1 [18] ; or pANN1 [40] , and the epidermal-specific promoter pEXPA. These promoters display partially overlapping expression patterns during root nodule development ( Figure S3A ). Although pMtBG2-driven symbiotic expression initiates in inner tissues and propagates toward infected tissues, pERN1-and pANN1-driven expression initiates in outer root tissues ( Figure S3A ). In rhizobia-inoculated roots, pERN1-driven expression is detected very early (within hours) in the root epidermis of the symbiotic responsive zone before being associated with cells preparing and undergoing infection (from 3 dpi onward) in epidermal and outer cortical tissues and then in nodule primordia cells before and during infection [18] . pANN1-driven expression is higher in outer root tissues, but it is also associated with the root endodermis and epidermis of infection sites and detected later in developing nodules [40] . As illustrated for rhizobia-inoculated pERN1-cals3m, ectopic expression of cals3m increases callose levels in M. truncatula roots (Figures S3H-S3K) .
Transgenic roots expressing the pMtBG2:cals3m construct showed a partial but significant reduction in the number of nodules and infected nodules formed at 7 dpi with rhizobia, compared to control roots expressing pMtBG2:GFP (Figures (A-C) MtBG2 fused to mCherry was expressed under the ubiquitin promoter (pUBIQ) in transgenic M. truncatula roots. MtBG2-mCherry localizes in the cell periphery and accumulates in putative PD sites (white arrows in A). Callose deposition at PD is revealed in (B) by aniline blue staining (false colored white). Merged images shown in (C) highlight the co-localization of MtBG2-mCherry with callose deposits at PD (white arrows). (D-F) A stable M. truncatula line expressing a mobile GFP version under the control of the epidermis-specific promoter pEXPA was used to generate transgenic roots co-expressing a control empty vector (D) or pUBIQ:MtBG2 (E). Roots were imaged 5 dpi with rhizobia using confocal microscopy. Counterstaining with propidium iodide reveals the epidermal cell layer in red. GFP fluorescence (green) is expressed in the root epidermis (ep in D and E), but it is also detected in cortical tissues presumably due to symplastic diffusion (arrowheads). (F) shows quantification of the GFP signal (using ImageJ mean gray values as a.u.) in cortical cell layers (x axis represents distance from the epidermis) in three independent biological replicas and in a region of interest 55 mm wide (n > 5). The gray area above and below the mean (continuous line for control; discontinuous line for MtBG2) shows SEs. Notice that mean values in MtBG2 are above control, indicating increase in GFP diffusion. (G-M) M. truncatula roots constitutively expressing MtBG2 showed significantly higher number of nodules (at 7 dpi in G and at 15 dpi as illustrated in J-M), rhizobia-colonized nodules and nodule primordia (H), and root hair infection threads (I) at 7 dpi compared to control roots expressing an empty vector (n = 26 in G and H and n = 27 in I independent samples). A Mann-Whitney test (G-I) was performed in R (asterisks indicate statistical difference compared with vector control; ***p < 0.001). Boxplots represent first and third quartile (horizontal box sides), minimum and maximum (outside whiskers), median (A-C) M. truncatula roots expressing the callose synthase synthetic mutation cals3m under the control of MtBG2 promoter sequences were inoculated with a S. meliloti lacZ strain and analyzed 7 and 16 dpi. Total number of nodules (A) and rhizobia-colonized nodules and nodule primordia (B and C) were scored per root system at 7 dpi (A and B) and 16 dpi (C). Boxplots in (A)-(C) represent values from control (n = 45 for 7 dpi; n = 57 for 16 dpi) and cals3m (n = 41 for 7 dpi; n = 52 for 16 dpi) plants from three independent experiments. A Mann-Whitney test was performed in R (asterisks indicate statistical difference compared with GFP control; *p < 0.05).
(legend continued on next page)
4A and 4B). 69% of pMtBG2:GFP control roots exhibited colonized nodules/primordia (an average number of 4.3 per root system), and pMtBG2:cals3m exhibited a lower frequency (49%) of colonized nodules/primordia (an average of 2.5 per root system). Although the reduction in the number of colonized nodules is also observed at 16 dpi ( Figure 4C ), the difference is not supported by statistic tests, likely due to the overall variability among individual plants. However, a close microscopic analysis revealed that nodules in pMtBG2:cals3m roots are less differentiated and colonized ( Figures 4H-4K ) compared to the pMtBG2:GFP control ( Figures 4D-4G) . A more drastic phenotype was observed in transgenic roots expressing the pERN1:cals3m construct, which displayed a highly significant reduction in the number of nodules formed at 7 dpi compared to the pERN1:GFP control ( Figure 5A ). Although the majority (79%) of pERN1:GFP control roots exhibited colonized nodules/primordia (an average number of 6 per root system), only a small proportion (28%) of pERN1:cals3m roots exhibited colonized nodules/primordia and at a low frequency (an average of 0.8 per root system; Figure 5B ). This low frequency was also observed at 16 dpi ( Figure 5C ), indicating that the colonization defect is maintained over time. A close view of rhizobia-inoculated roots revealed that the few nodules formed in pERN1:cals3m roots were under-differentiated and exhibited mostly growing infection threads ( Figures 5G and 5H ), compared to control roots at 7 dpi with rhizobia ( Figures 5D and 5E ). At a subsequent developmental stage, mature pERN1:cals3m nodules exhibited abnormally long infection threads ( Figure 5I ) compared to control nodules ( Figure 5F ), suggesting a defect in bacterial release into plant cells [41] . Moreover, pERN1: cals3m roots also showed non-colonized nodule primordia with arrested infection threads in outer epidermal and cortical tissues, reinforcing the defective infection phenotype upon cals3m expression. To verify that this strong phenotype correlates with changes in symplastic connectivity, we used a stable transgenic line expressing mobile free GFP under the EXPA promoter ( Figures 5L-5N ). As before, rhizobia-inoculated control roots showed GFP expression in epidermal and cortical tissues (presumably due to symplastic diffusion). In contrast, expression was mostly restricted to the root epidermis in pERN1:cals3m roots at 5 dpi ( Figures 5M and 5N) . A nodulation-defective phenotype was also observed in roots expressing cals3m under the pANN1, but not under the epidermis-specific pEXPA promoter ( Figure S4 ), suggesting that regulation of callose in the root epidermis is not sufficient to restrict nodulation.
Because the expression of cals3m under the ERN1 promoter is sufficient to alter root nodulation, we also tested whether pERN1:MtBG2 RNAi constructs (targeting 5 0 untranslated or coding sequences of MtBG2), aiming to downregulate MtBG2 in ERN1 expression domains, could also affect root nodulation. Following the same trend as pMtBG2:cals3m, MtBG2 RNAi constructs led to reduced root nodulation and colonization at 7 and 14 dpi with rhizobia ( Figures 4L-4N and S5B ), although not strongly affecting general root weight ( Figure S5A ). We performed complementary experiments using a pERN1-driven PD-associated beta-1,3-glucanase (PdBG1) previously characterized in Arabidopsis [38] . PdBG1 remains PD associated in M. truncatula transgenic roots ( Figures S5D-S5F) , and its expression under pERN1 did not significantly affect root development ( Figure S5C ). Similarly to pUBQ:MtBG2, these plants exhibited significant increase in the number of nodules and infected nodules at 16 dpi ( Figures S5C and S5G-S5I ).
Together, these findings indicate that callose regulation and symplastic communication in tissues overlapping ERN1/ANN1/ MtBG2 expression domains are important for nodule development and colonization.
Symplastic Connectivity Is Required for the Transcriptional Activation of NIN and Its Targets in Developing Nodules
Because obstruction of root symplastic communication led to strong root nodulation phenotypes, we monitored how the expression of the key symbiotic regulators ERN1 [12, 13] and NIN [10] and associated targets were affected in this context. Transcript levels of ERN1 and its target ENOD11 [13] were found to accumulate at a slightly higher (for ERN1) or comparable levels (for ENOD11) in cals3m (rhizobia-inoculated pERN1:cals3m) compared to control (rhizobia-inoculated pERN1:GFP) samples at 16 dpi (Figures 6A and 6B) . In contrast, the expression of NIN and its target NF-YA1 [42] were strongly reduced in pERN1: cals3m by comparison with the pERN1:GFP control ( Figures 6C  and 6D) . To investigate at which symbiotic stage their downregulation occurs, we analyzed the expression of these and other symbiotic genes (NPL1 [21] , CRE1 [43] , CLE12, and CLE13 [32] ) by qRT-PCR before (at 3 dpi) and after (at 7 dpi) developing nodules and nodule primordia were detected (via microscopy) in rhizobia-inoculated roots. At 3 dpi, ENOD11, ERN1, NIN, CLE12, CLE13, CRE1, and NPL1 were expressed at similar levels in mock or rhizobia-inoculated roots of both pERN1:GFP control and pERN1:cals3m roots ( Figures S6A-S6H ), suggesting that callose overaccumulation does not strongly affect gene expression during early stages of root colonization. However, a clear reduction in the expression of NIN and associated targets NF-YA1/CLE12/CLE13 was observed in pERN1:cals3m roots at 7 dpi ( Figures S6K-S6N and S6P) , although the expression of other symbiotic genes was not strongly affected (Figures S6I, S6J, and S6O). These results suggest that the selective downregulation of NIN and its targets is associated with the development of nodule primordia or nodule structures. To verify this hypothesis, the tissue-specific promoter activity of NIN was investigated in control and pERN1:cals3m roots using pNIN-GUS fusions.
Although not functionally validated before, the 2-kb and 1.4-kb NIN promoter sequences used here were sufficient to confer NIN expression during infection and nodule organogenesis (Figures 6 and S7) . A basal level of NIN expression was observed in the root apex, lateral root primordia or epidermal and outer cortical tissues of non-inoculated roots ( Figures S7A-S7C ). At the root infection zone, GUS activity was clearly more intense in the root epidermis and outer cortex at localized rhizobial infection sites ( Figures 6K and S7D -S7F, S7H, and S7J). In developing nodule primordia, GUS activity was associated with both infection sites and underlying dividing cells in the middle and inner cortex ( Figures 6E-6G , 6L, and 6M). In transgenic roots co-expressing the pERN1:cals3m construct, GUS activity was observed at infection sites ( Figures 6H-6J Figure S7L ). Taken together, our findings suggest that the expression of NIN (and downstream NF-YA1) in the middle and/or inner cortex of developing nodules is dependent on the establishment of symplastic connectivity and, potentially, on yet uncharacterized symplastically regulated signals.
DISCUSSION
In this manuscript, we provide evidence that symplastic communication is necessary for endosymbiotic colonization during legume root nodulation. We report new findings on the importance of the regulation of callose in inner root tissues for the initiation and development of nodule primordia. Callose levels decrease in inner pericycle and cortical root tissues as early as 1 day after spot inoculation with rhizobia (Figure 1 ), which overlaps with the onset of the first set of cell divisions (18-24 hr) [3] . Reduction in callose levels coincides with the localized endogenous expression of a novel PD-localized b-1,3-glucanase from M. truncatula (MtBG2) that degrades callose and regulates symplastic communication at PD sites (Figures 3 and S2 ). This supports an active role for MtBG2 in creating symplastic domains to connect nodule primordia initials, in agreement with previous work describing the formation of phloem-to-inner cortex symplastic continuity associated with initial cell divisions [34] . Similar remodeling in symplastic connectivity was reported to control lateral root initiation and patterning, regulated by the closely related b-1,3-glucanases PdBG1 and PdBG2 in Arabidopsis [38] . It is thus conceivable that MtBG2, also expressed in lateral root primordia (Figures 1 and S2 ), was recruited from a basal root developmental function to regulate the formation of nodule primordia in legumes. Phenotypic and gene expression analyses of transgenic plants affected in callose metabolism clearly indicate that PD regulation is an important early step for the successful establishment of the rhizobia-legume association, as illustrated in a model presented in Figure 7 . In addition to its early expression in dividing nodule initials, MtBG2 expression progressively extends outward to the outer cortex and epidermal cell layers, where new symplastic connections are created, as shown by the transport of fluorescent molecules in vivo (Figures 2 and 3 ). These findings indicate that symplastic communication is not only established between dividing cells but also in root cells actively preparing for endosymbiotic accommodation. We have evaluated the importance of this symplastic connectivity by the tissue-specific expression of a hyperactive callose synthase (cals3m) shown before to enhance (A-C) M. truncatula roots expressing the callose synthase mutant version cals3m under the control of the infection-related promoter ERN1 were inoculated with a S. meliloti lacZ strain and analyzed 7 dpi and 16 dpi. Total number of nodules (A) and rhizobia-colonized nodules and nodule primordia (B and C) were scored per root system at 7 dpi (A and B) and 16 dpi (C). Boxplots in (A)-(C) represent values from control roots expressing pERN1:GFP (n = 66 for 7 dpi; n = 41 for 16 dpi) or pERN1:cals3m (n = 79 for 7 dpi; n = 43 for 16 dpi) obtained from five (7 dpi) and two (16 dpi) independent experiments. First and third quartile (horizontal box sides), minimum and maximum (outside whiskers), median (central lines), and mean (black circles) values are depicted. A Mann-Whitney test was performed in R (asterisks indicate statistical difference compared with control; ***p < 0.001). (D-K) Representative images of M. truncatula nodules from control pERN1:GFP transformed roots (D and F), non-transformed roots (E), or pERN1:cals3m (G-K) composite plants taken 7 dpi (D, E, G, H, and J) or 12 dpi (F, I, and K). Pictures represent longitudinal sections counterstained with Ruthenium Red (cell outlines in magenta) and X-Gal or Mag-Gal, which label in blue or magenta the rhizobial infection threads (arrows) and the differentiated rhizobia. Young developing nodules in control roots contain growing infection threads (arrows in D-F) and recently released rhizobia differentiating into the nitrogen-fixing bacteroid form (in blue or magenta, as indicated by arrowheads in D and E). At a subsequent developmental stage, nodules are recognized by the presence of an apical meristematic zone (asterisks, zone I) followed by a clearly defined infection-thread-containing invasion zone II and a zone III with differentiated cells containing rhizobia at the cell periphery (arrowheads, F). The few infected nodules formed in cals3m roots are under-differentiated and contain essentially growing infection threads (arrows) and only a few differentiated rhizobia (arrowheads) at 7 dpi (G and H) compared to control nodules (D and E). Nodule zonation of mature cals3m nodules (I) is less clearly defined and comprise abnormally long infection threads (white arrowheads), which is reminiscent of defective bacterial release into plant cells. (J and K) At 7 and 12 dpi, cals3m roots exhibited non-colonized nodule primordia, which were not observed in control roots. Infection threads (arrows) are visualized in outer epidermal (epi) and/or outer cortical tissues but do not reach the dividing nodule primordia tissues in the cortex (asterisks). callose accumulation and to block symplastic connections in Arabidopsis roots [37, 38, 44, 45] . Expression of cals3m in M. truncatula under the control of symbiotic promoters (pMtBG2, pERN1, and pANN1) affects root nodule development and colonization (Figures 4 and 5) . A root nodulation phenotype was also observed when RNAi constructs, which target MtBG2 expression, were expressed under the ERN1 promoter, and an increase in nodulation frequency, mimicking the ectopic expression of MtBG2 (Figure 3) , was observed when PdBG1 was expressed under the same promoter. Although root hair infection thread formation was favored in roots expressing PdBG1 or MtBG2, no major phenotypic effect was observed in roots expressing cals3m in the root epidermis (whether driven by MtBG2, ERN1, ANN1, or EXPA promoters), suggesting that symplastic connectivity is not critical for infection thread initiation. Accordingly, the tissue-specific expression of NIN and NF-YA1 in the epidermis and outer cortex underlying a growing infection thread was not strongly affected in the cals3m context (Figures 6 and S7 ). This indicates that the machinery required for the local construction of infection threads, orchestrated by ERN1 and NIN, transcripts were also analyzed in cals3m or GFP control roots 3 and 7 dpi with rhizobia. Boxplots in (A)-(D) represent the average values of individual plants (n = 24 for GFP; n = 24 for cals3m) from three independent biological experiments after normalization against three reference transcripts. Boxplots represent first and third quartile (horizontal box sides) and minimum and maximum (outside whiskers). Central lines refer to median, and black circles depict mean values. Twosample t test of the values revealed statistically significant differences (***p < 0.001) between GFP and cals3m samples for NIN in (C) and NF-YA1 in (D). AspinWelch two-sample t test of the values revealed statistically significant differences (*p < 0.05) between GFP and cals3m samples for ERN1 in (A). (E-P) Representative images of M. truncatula roots expressing a 1.4-kb pNIN:GUS (E-J), a 2-kb pNIN:GUS (K-P), or co-expressing the respective fusions with pERN1:cals3m (H-J or N-P) during early stages of nodule primordia development and infection. In control pNIN:GUS roots, GUS activity is first detected in outer epidermal and cortical tissues associated with infection sites (K). At a subsequent stage, GUS activity is associated with both epidermal and cortical tissues undergoing infection (black arrowheads) and inner dividing cortical tissues (white arrowheads), as illustrated in (E)-(G) and in Ruthenium-Red-stained longitudinal sections (L and M). In pNIN:GUS/pERN1:cals3m (H-J and N-P) roots, GUS activity is limited to outer tissues (black arrowheads in H-J and in longitudinal Ruthenium Red sections in N-P) around growing infection threads (arrows) and no longer detected in inner cortical tissues (asterisk in O). The expression of the pNIN:GUS fusion was observed in M. truncatula roots 3-7 dpi with rhizobia (n = 59 for 1. (Figure 1 ). These enzymes are responsible for callose degradation (turnover) at PD sites and the regulation of symplastic intercellular transport (Figure 3 ). The expression of MtBG2 likely contributes to symplastic communication between the phloem and the inner cortex, which correlates with mitotic cell divisions and the formation of the nodule primordia (2) [34] . MtBG2 expression subsequently expands toward outer tissues accompanying the entry of rhizobial infection threads (Figure 1) , where callose degradation, mediated by MtBG2, contributes to the creation of symplastic domains (Figures 2, 3, 4 , and 5; 3). This symplastic regulated pathway is required for the activation of NIN and NF-YA1 in the middle/inner cortex (Figure 6 ), which are necessary for the proper regulation of nodule development and colonization (4) .
is cell-autonomously regulated, which is consistent with the described mechanisms for cell-autonomous control of infection by symbiotic signaling [25, 46] .
Our work and other studies [25, 46] suggest that non-cellautonomous signal(s) exist to integrate the epidermal and cortical nodulation programs, but the nature of this signal(s) or whether it is symplastically regulated is currently unknown. Blocking symplastic connectivity using pERN1:cals3m led over time to a drastic reduction in the expression of NIN and the associated target NF-YA1 in the cortex of the developing nodule primordia (Figures 6, S6, and S7 ). This implies that the transmission of a putative non-cell-autonomous signal to regulate NIN expression in dividing nodule primordia tissues is symplastically regulated. MtCRE1, which is interconnected with NIN during cytokinin-mediated nodule organogenesis in the cortex [5] , does not have its expression modified in the pERN1:cals3m context. This suggests that the putative symplastic signal regulating NIN expression in the nodule primordia operates downstream or independent of CRE1.
Previous studies demonstrated the importance of NIN and other key regulators in the control of both infection in the epidermis and nodule organogenesis in the root cortex [22, 25, 30] . NIN in particular has the ability to induce nodule organogenesis in the cortex when expressed exclusively in the root epidermis of M. truncatula [30] , which has led to the proposition that NIN itself or a downstream signal might move from the epidermis to the cortex to induce nodule organogenesis. We demonstrated here that both nodule development and colonization were affected in pMtBG2:cals3m/pERN1:cal3sm/pANN1:cal3sm roots (Figures 4  and 5) , implying that signals required for these processes are, at least in part, dependent on symplastic communication. Although nodule formation was affected, poorly colonized nodule primordia/nodules were formed in cals3m roots, suggesting that signal(s) from the epidermis could be still partially transmitted to induce cell division in the cortex. This suggests that the putative organogenesis-triggering signal does not absolutely require a symplastic route to be transmitted and might navigate through symplastic, apoplastic, and/or transcellular paths. Cytokinins or flavonoids synthesized in the root epidermis of M. truncatula are potential candidates for this non-cell-autonomous role that rapidly promotes cell division in the cortex [5, 47, 48] . However, in pMtBG2:cals3m, pERN1:cals3m, and pANN1:cals3m situations, a more pronounced phenotype was observed during nodule colonization, giving rise to nodule primordia with infection arrests or under-differentiated nodules with signs of defective bacterial release into plant cells. These results are consistent with the enhanced nodule colonization observed in pUBIQ:MtBG2 and pERN1:PdBG1 roots, suggesting the existence of a secondary symplastically transmitted signal required for the later nodule primordia colonization and the expression of NIN in the cortex.
Symplastic routes mediate the transport of a number of noncell-autonomous molecules, including mobile RNAs and transcription factors that play critical roles in the regulation of most processes related to organ development in plants [36, 49] . NIN transcription was shown to be regulated by the CYCLOPS/ CCaMK complex [17] and potentially by the GRAS-type NSP1/ NSP2 complex together with the IPN2 MYB factor [20, 50] . Members of the GRAS and the MYB families of transcription factors have the ability to move intercellularly, presumably through PD [44] . However, no evidence has been provided to date supporting the function of these regulators as mobile signals in legumes and/or during symbiosis. Future research will help to elucidate the identity of the mobile factors involved in nodulation and to establish the molecular mechanism and crosstalk with other cell-autonomous pathways.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: antibiotic resistances was done in the presence of 100 mg.mL -1 streptomycin (helper plasmid resistance) and supplemental binary vector resistance antibiotics (50 mg.mL -1 of kanamycin, 300 mg.mL -1 of spectinomycin or 200 mg.mL -1 chloramphenicol).
DNA Constructs
Promoters, cDNA sequences and fluorescent fusion proteins necessary for the generation of PdBG1 fusion proteins were synthesized by GenScript. For the PdBG1(At3g13560)-eGFP fusion, DNA fragments were concatenated using Golden-Gate assembly reactions [60] to generate the final fusion protein which expression is driven by pERN1 [18] . Cassettes to express DS-Red as a marker for transformation was also introduced in the binary vectors. For pUBIQ-MtBG2 (labeled with mCherry), multisite Gateway cloning was used. In brief, primers were designed to amplify Medtr3g083580 (MtBG2), pUBIQ (isolated from AtUBIQ10) and mCherry (Table S2 ). C-terminal and N-terminal parts of the protein were amplified separately and cloned into different donor vectors by BP reaction. Plasmids from confirmed positive pDNR clones were used for LR reaction into destination vectors following manufacture's instruction (invitrogen) and transformed into E. coli. Colonies were screened by colony PCR and confirmed by sequencing. Following the same protocol, a version without mCherry fusion was generated. [55] . DNA fragments corresponding to 1400 bp or 2100 bp upstream the ATG of NIN, 1705 bp upstream the ATG of MtBG2 (Medtr3g083580), 2200 bp upstream the ATG of ERN1, 401 bp of upstream EXPA sequences [30] were amplified by PCR, cloned in pbluescript vectors and sequenced before concatenated using Golden-Gate assembly reactions [55] . The pERN1: cals3m, pMtBG2:cals3m and pANN1:cals3m constructs were generated by combining restriction enzyme and gateway cloning. First pMtERN1 (1926 bp from ATG), pMtBG2 (1705 bp from ATG) and pANN1 (2234 bp from ATG) DNA fragments were amplified by PCR using primers listed in Table S2 , and sub-cloned into pBlueScript II. After sequencing validation and restriction digestion, pMtERN1 and pANN1 DNA fragments were inserted into HindIII and SpeI sites of the pK7WG2-R-pLjUb vector [30] , replacing 431 bp of the LjUb promoter, and cloned just upstream the proximal 100bp sequences of pLjUb without regulatory sequences. The pMtBG2 DNA fragment was inserted into HindIII and SpeI sites of the pK7WG2-R-pEXPA vector replacing the pEXPA promoter sequence [30] . The created pK7WG2-R-pMtERN1, pK7WG2-R-pANN1, pK7WG2-R-pMtBG2 constructs and the pK7WG2-R-pLjUb [30] and pK7WG2-R-pEXPA [30] vectors were used in LR gateway reactions with pDONR221-cals3m (kindly provided by Yk€ a Helariutta) and a pENTRY-GFP to create pERN1:cals3m, pERN1:GFP, pANN1:cals3m, pANN1:GFP, pMtBG2:cals3m, pMtBG2:GFP, pLjUb: cals3m, pEXPA:cals3m, and pEXPA:GFP constructs. The MtBG2-RNAi 5 0 and RNAi-cds constructs were generated by using respectively the 250 bp non-coding sequences upstream the ATG (5 0 ) or the 850 bp (coding) sequences downstream the ATG of MtBG2 (cds). MtBG2 5'and cds sequences and the 1300 bp intron spacer sequence of the pK7GWIWG2(II)-RedRoot vector [56] were amplified by PCR and sequence validated before used for generated the RNAi constructs. MtBG2 5'and cds sequences were assembled by Golden-Gate in the pCambiaCR1 [55] vector in sense and antisense orientations before and after the intron spacer sequence.
METHOD DETAILS
Generation and selection of M. truncatula transgenic roots A. rhizogenes transformation of M. truncatula roots was done according to previous protocols [13, 61] with minor modifications. Germinated seedlings with a radicle length of approximately 10 mm, were sectioned 3 mm from the root tip and placed on Farhaeus-agar plates (12 cm x 12 cm) supplemented with 25 mg L -1 of kanamycin and ammonium nitrate (NH 4 NO 3 , 0.5 mM), before inoculation with a drop ($3 ml) of the A. rhizogenes bacterial suspension (OD 600nm 1). Plates were partially sealed with parafilm to allow crucial gas exchanges and placed vertically in plastic boxes at controlled environments with 16h light/ 8h dark photoperiods, at 20 C for 1 week and then at 25 C for two to three weeks before selection. Kanamycin resistant composite M. truncatula plants were selected under the stereomicroscope for the expression of the DsRED fluorescent protein encoded in the T-DNA of the transformation binary vectors. Individual DsRED + composite plants were transferred to pouch paper/Fahraeus agar plates (nitrogen and antibiotic free) [62] and used for S.meliloti inoculation as described below.
Growth conditions and inoculation of M. truncatula roots For MtBG2/MtBG5 quantitative RT-PCR experiments, germinated M. truncatula A17 seedlings were directly transferred to aeroponic conditions [18] and nitrogen starved for 3 days before inoculation with a Sm 2011-lacZ suspension in water (OD 600 0.002). For immunolocalization, germinated seedlings were transferred to square plates containing Buffered Nodulation Medium [47] (BNM) supplemented with 1 mM L-a-(2-aminoethoxyvinyl)-Gly (AVG) and M. truncatula roots were spot-inoculated with 2 mL of a Sm 1021-lacZ bacterial suspension in water (OD 600 of 0.002) in the region of root hair emergence. For CFDA experiments, germinated seedlings were grown for 7-10 days in pouch paper/Fahraeus agar [18] plates before spot inoculation with 2 mL of a Sm 2011-mCherry bacterial suspension in water (OD 600 0.01) in the nodulation competence root zone. For YFP symplastic assays, composite plants were grown and flood inoculated with a water suspension of Sm 2011-CFP (OD 600 0.001). Similarly for the analysis of GFP transport in pEXPA-GFP transgenic roots, composite plants were grown for 3 weeks before flood inoculation with Sm 1021-lacZ bacterial suspension in water (OD 600 of 0.002). For phenotyping transgenic roots expressing MtBG2/PdBG1 constructs, composite plants were transferred to either square plates containing BNM (with 1 mM AVG) or a mixture of equal amounts of sand and terra green 4 weeks after transformation and were flooded with a suspension of Sm 1021-lacZ (OD 600 of 0.05) in 10 mM MgCl 2 . Transgenic roots each condition, the fluorescence intensity of 3 individual roots was analyzed. Similar protocols were followed for quantification of GFP fluorescence in images taken in the pEXPA-GFP background. In this case, mean gray values for each image were calculated in more than 5 independent ROI of 55 mm wide at different distances from the epidermis (as represented in the x axis of the graphs).
Analyses of CFDA/GFP symplastic conductivity were carried out by monitoring CFDA, YFP, mCherry-ER and the bacterial CFP fluorescence signals by confocal microscopy using a Leica SP8 laser point scanning microscope. The argon laser bands of 458 and 488 nm were used to excite CFP, and YFP/CFDA, respectively, and a 561-nm diode to excite the mCherry. Specific emission windows used for CFP, YFP, mCherry were 465 to 485 nm, 500 to 550 nm, 600 to 630 nm. The images shown are single confocal sections, maximal projections of selected planes of a z stack. Images were acquired and projected and processed using Leica, ImageJ (http://imagej.nih.gov/ij/) [57] or Volocity version 6.0.1 (PerkinElmer) softwares.
Longitudinal (8-10 mm) sections were generated for the detailed phenotypic analyses of pMtBG2:GFP/cals3m and pERN1:GFP/ cals3m rhizobia-inoculated root or nodule tissues and for the the tissue-specific analysis of pMtBG2:GUS, pNIN:GUS and pNF-YA1: GUS expression (with or without GFP or cals3m expression). Briefly, GUS/lacZ or lacZ-stained root tissues collected at 7 or 12 dpi were cut in $1 cm root pieces and fixed in 1.5% glutaraldehyde for 1 hour, re-rinsed and sequentially dehydrated using an ethanol series (from 30%, 50%, 70%, 90% to 100% ethanol for 60 min each 
RNA extraction and QRT-PCR analyses
The entire root system of aeroponic grown A17 plantlets (for MtBG2/MtBG5 expression analyses) or individual composite plants (used in transgenic ectopic and GFP/cals3m experiments) were used for RNA extraction. Total RNA was extracted from M. truncatula roots using the Macherey-Nagel total RNA isolation kit according to the manufacturer's instructions. The DNA-free RNA samples were quantified, and RNA integrity was checked by Agilent RNA Nano Chip (Agilent Technologies). First-strand complementary DNA synthesis was performed using 1 mg of total RNA with an anchored oligo (dT) and Transcriptor Reverse Transcriptase (Roche) following the manufacturers' protocol. Quantitative RT-PCR was performed on 384-well plates using the Light Cycler 480 system (Roche) and the SYBR Green I Master mix (Roche), according to the manufacturer's instructions. Each reaction was performed with 2 mL of 1:20 (v/v) dilution of the first complementary DNA strand, with 0.5 mM of each primer in a total reaction volume of 7 mL. Primer pairs to amplify MtBG2, MtBG5, GFP, NPL1, cals3m and CRE1 transcripts are listed in Table S2 . Those used to amplify ERN1, ENOD11, NIN, Ubiquitin, NFYA1, Mt0089_00067, Mt0085_00020, MtCLE12 and MtCLE13 were previously described [18, 22, 32, 42] . The PCR cycling conditions were as follows: 95 C for 5 min followed by 45 cycles of denaturation at 95 C for 15 s, annealing at 60 C for 20 s, and extension at 72 C for 20 s. PCR amplification specificity was verified by analysis of the dissociation curve at the end of the PCR cycles by heating samples from 65 C to 95 C. Only samples showing a clear unique melting peak in the expected temperature range were considered for further analysis. To confirm the specificity of the primer pairs, we purified the amplified PCR products from the QRT-PCR reactions using the Promega Wizard kit, and used them directly of after subcloning for DNA sequencing. The MtBG2/MtBG5 genes were selected for Q-RT-PCR analyses following their in silico expression profiles in rhizobial root hair infectome [47] and/or laser-dissected nodule zones [64] transcriptomes. For the analyses of symbiotic gene expression in pERN1:GFP or pERN1:cals3m and RNAi roots, we first analyzed by Q-RT-PCR the expression of GFP or calS3m in individual root samples. Only GFP + and calS3m + samples were considered for the further analyses of symbiotic gene expression as shown in -S6P ) independent biological experiments, with at least two technical replicates after normalization with the three reference transcripts (Ubiquitin, Mt0089_00067, and Mt0085_00020) shown before to exhibit invariable expression levels [18] .
Phylogenetic analysis
The selection of M. truncatula and A. thaliana sequences containing the b-1,3-glucosidase domain (GHL17) and other characteristic features of this family: a signal peptide (SP), a glycosyl phosphatidylinositol anchor (GPI) and a carbohydrate-binding module (X8) was done using prediction tools as described [39] . Only protein sequences containing a complete GHL17 domain were used for phylogenetic trees calculations as described in [39] . The best model under the Akaike Information Criterion was LG+G. The Majority-rule consensus trees convergence was reached after 1130000 generations. The trees were visualized using Figtree (http://tree. bio.ed.ac.uk/software/figtree/) and edited using TreeGraph2 [58] . Note that Figures 1 and S1 only shows the Bayesian tree, the other Maximum Likelihood and Neighboring-Joining trees are available on request.
QUANTIFICATION AND STATISTICAL ANALYSIS
Data was obtained from independent biological replicates (and technical replicates in the case of QRT-PCR analyses) and after the analyses of individual randomly distributed samples. The number of individually analyzed samples (n), number of replicates and p, significant level values are indicated in Figure legends . All statistical analyses were performed using the R software (http:// r-project.org). Data were evaluated for normality using a Shapiro-Wilk test and for homogeneity of variances using both Fisher and Bartlett tests. Parametric (ANOVA and two sample t test) or non-parametric (Mann-Whitney and Kruskal-Wallis) statistical tests were used for normally-distributed or non-normally distributed samples, respectively. Integrated density fluorescent signal values in Figure 1G and ERN1 QRT-PCR data in Figure 6A , showing a normal distribution but heterogeneity of the variance, were analyzed using the Aspin-Welch two sample t test (for data in Figure 1G , T = À4.6349, p < 0.001 and for the ERN1 QRT-PCR data in Figure 6A : T = À2.0765, p < 0.05). Root weight data in Figure S5C were first transformed into normality using Log 10 data values before statistical analysis using the Aspin-Welch two sample t test (T = À1.8763, p > 0.05). MtBG2 and MtBG5 QRT-PCR data (Figures 1I and S1C) were normally-distributed and showed homogeneity of variances, thus statistical analyses of the data was done using one-way ANOVA followed by Tukey honest significant difference (HSD) tests (For MtBG2: F = 9.618, p < 0.001; for MtBG5: F = 14.25, p < 0.001). CRE1 (3 and 7 dpi), CLE12 (3 dpi) and CLE13 (3 dpi) QRT-PCR data in Figure S6 were first transformed into normality using Box-Cox (S6E l = À1.10, S6F l = À0.06, S6G l = 1.31, S6O l = 1.6) before statistical analysis using one-way ANOVA followed by Tukey honest significant difference (HSD) tests (F = 0.631, p > 0.05 for Figure S6E ; F = 4.555, p < 0.01 for Figure S6F ; F = 0.221, p > 0.05 for Figure S6G ; F = 2.974, p < 0.05 for Figure S6O ). MtBG2 QRT-PCR data in Figure S5B were first transformed into normality using Box-Cox (l=0.67) before statistical analysis using one-way ANOVA followed by Tukey honest significant difference (HSD) tests (F = 0.030538, p < 0.001). Integrated density fluorescent signal values in Figure S2Q and ENOD11, NIN and NFYA1 QRT-PCR data in Figure 6 were first transformed into normality using Box-Cox ( Figure S2Q (Figures 6C and 6D ), before statistical analysis using a Two sample t test (T = À4.3291, p < 0.001 for Figure S2Q ; T = 1.608, p > 0.05 for Figure 6B ; T = 3.8477, p < 0.001 for Figure 6C ; T = 4.5582, p < 0.001 for Figure 6D ). The nodule number data in Figure S4B , following a normal distribution and homogeneity of the variance were analyzed using a two-sample t test (T = 1.4701, p > 0.05). Data in Figures  3G-3I , 4A-4C, 5A-5C, S4A, and S5F-S5H did not follow a normal distribution and were then analyzed using the non parametrical 
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